Despite dramatic reductions in children's blood lead concentrations over the last two decades, subclinical lead toxicity remains a significant risk for urban infants and children (1-3). Low-level elevation in blood lead concentration has been associated with cognitive deficits, aggressive behavior, and hearing dysfunction (4) (5) (6) (7) . The Centers for Disease Control and Prevention (CDC) have estimated that 890,000, or 4.4%, of U.S. children 5 years and younger have blood lead concentrations of 10 µg/dL or higher (1) . Moreover, there is increasing evidence that no detectable threshold exists for the adverse effects of lead exposure on neurodevelopment (6) (7) (8) .
Efforts to prevent exposure of children to residential lead hazards include education and lead hazard controls. For the vast majority of children, educational efforts-such as dust control, hand washing, and reducing children's mouthing behaviors-represent the major strategy to reduce lead exposure, ingestion, and absorption (9, 10) . One professional dust intervention trial led to significant reductions in highly exposed children (11) , but it is clear that education alone is not adequate to prevent children's exposure to lead, as measured by blood lead concentration (12) (13) (14) (15) (16) . Moreover, despite considerable evidence that higher dietary calcium intake is associated with lower blood lead concentration, the beneficial effects of calcium supplementation on children's blood lead concentration remains uncertain (17) .
Lead hazard controls typically are implemented only after a child is identified with a blood lead concentration consistently above 15 µg/dL or 20 µg/dL. For these children, there is a spectrum of lead hazard controls, including full abatement (complete removal of lead-contaminated paint), encapsulation (making lead-based paint inaccessible with construction material or polymers that are applied like paint), replacement of window and door frames, stabilizing deteriorated paint, and professional dust control (18) . The advantage of lead hazard controls is that they do not rely on modifying a family's behavior to reduce environmental exposures to lead. On the other hand, they are more expensive, ranging in cost from $500 to $15,000 or more (18) .
There is some evidence that abatement or paint stabilization can reduce blood lead concentrations in children with concentrations above 30 µg/dL (11, 19) , but the evidence is inconsistent (20, 21) . Moreover, there are no randomized trials that demonstrate the efficacy or safety of lead hazard controls for children who have blood lead concentrations below 30 µg/dL (12) . Indeed, one controlled trial found that paint abatement was associated with a 6.5 µg/dL increase in blood lead concentration among children in the abatement group, despite using the U.S. Department of Housing and Urban Development's postabatement clearance testing (21) . In contrast, there is some evidence that the long-term benefit of paint abatement is considerable (22) .
The purpose of this study was to use meta-analysis to determine whether low-cost strategies (defined as < $2,500 per housing unit or family) aimed at controlling leadcontaminated dust effectively prevent childhood lead exposure, as measured by children's blood lead concentrations.
Methods
Search strategy. We searched the PubMed (National Library of Medicine, Bethesda, MD) and Cochrane Library (Oxford, England) databases. We combined "lead*" and "dust*" as a title word or text word with "control*," "trial*," "controlled study," "blood lead levels," and "hazard" in all fields. In addition, we reviewed summary reports of lead hazard controls conducted by the U.S. Environmental Protection Agency and the National Center for Lead-Safe Housing (23, 24) . Primary authors were contacted to obtain additional information, if necessary.
Articles eligible for inclusion in the meta-analysis met the following criteria: a) randomized allocation of children to either a control group or intervention group; b) lowcost interventions, defined as < $2,500; c) blood lead concentration used as a measured outcome; and d) trial was not conducted in a community with a continual lead emission source. We evaluated the quality of each included trial using a modified version of Prendiville's criteria (25, 26) . We examined each trial according to three methodologic aspects: adequacy of allocation concealment at enrollment, control of selection bias (extent to which analyses are based on all randomized participants), and control of information bias (blinding observers).
We illustrated the utility of dust control by using measures of clinical efficacy: the absolute risk reduction (ARR), relative risk reduction (RRR), and the number needed to be treated (NNT). The absolute risk reduction, the difference in event rates between the control and intervention groups, expresses the consequences of not providing the intervention. The relative risk reduction, the difference in the event rates or ARR divided by the event rate in the control group, is the reduction of adverse events achieved by the intervention. The number needed to be treated (NNT), the inverse of the ARR, is the number of children who must be treated to prevent one adverse event. In this study, an adverse event is a blood lead concentration ≥ 10 µg/dL, ≥ 15 µg/dL, or ≥ 20 µg/dL.
Statistical Methods
We divided the studies into two types of intervention trials: education combined with cleaning equipment or supplies, and dust control performed by cleaning professionals. Changes in mean blood lead concentration from baseline to follow-up are reported by random group assignment. The mean differences were calculated for each study, and the variances for each difference were calculated as Because blood lead concentration was an outcome measure in all studies, we calculated the pooled mean differences between intervention and control groups. The mean differences were weighted according to the reciprocal of their variance, and a pooled mean difference was calculated using these weights:
We used two-tailed p-values of < 0.05 as the level of statistical significance, and also calculated 95% confidence intervals (CIs).
We performed all statistical analyses using Review Manager (RevMan) software using a fixed-effect model (27, 28) . The fixed-effect model assumes that the true effects of treatment are the same in all studies. We tested for heterogeneity using the Mantel-Haenszel Qstatistic for pooled effect sizes (29) .
We also examined the proportion of children with elevated blood lead concentration by random group assignment after the intervention. Reported comparisons of blood lead concentrations in excess of 10 µg/dL, ≥ 15 µg/dL, and ≥ 20 µg/dL were inclusive.
Because all the studies included in this meta-analysis were randomized controlled trials, we used the intention-to-treat principle: Study subjects that were randomly assigned to either an intervention or control group remained in that group for the analysis, regardless of compliance to the proposed intervention. We did not adjust for baseline differences in study population, such as age, season, race, or initial blood lead concentration.
Results
Trials included in the analysis. The literature search returned 405 articles. Of these, nine lead hazard control trials were identified (11, (13) (14) (15) (16) 19, (30) (31) (32) , and five fulfilled the inclusion criteria (13) (14) (15) 30, 31) . One trial was published twice: once following the 24-month follow-up of children and again following the 48-month follow-up (14, 31) . For this analysis, we excluded the shorter followup (14) . Four other studies were excluded from the meta-analysis: One was conducted in a community with an active lead smelter (16) and three were not randomized, controlled trials (11, 19, 32) (Table 1 ).
All studies used venous blood samples to measure blood lead concentration (Table 1) . Three studies included parental education (13, 15, 31) , two studies provided the families with cleaning supplies or equipment (15, 31) , two provided professional cleaning (13, 30) , and one made minor housing repairs (30) . The length of follow-up ranged from 6 to 48 months.
Results of meta-analysis. The weighted mean change in blood lead concentration from baseline to follow-up in all studies was -0.62 µg/dL (95% CI, -1.55 to 0.32) ( Figure 1 , Table 2 ). There was no significant difference in the change in blood lead concentrations between the intervention and control groups for either the educational dust control trials (-0.33 µg/dL; 95%CI, -1.4 to 0.74) or the professional dust control trials (-1.52 µg/dL; 95% CI, -3.41 to 0.37).
There was no significant difference in the frequency of children who had blood lead concentrations ≥ 10 µg/dL (p = 0.46) ( Table 3 ). There was, however, a significant difference between children in the intervention and control groups who had blood lead concentrations ≥ 15 µg/dL (p= 0.008) and ≥ 20 µg/dL (p = 0.024) ( Table 3 ). The risk of having a blood lead concentration ≥ 15 µg/dL or ≥ 20 µg/dL was 2-3 times lower for children who received low-cost, lead hazard control. The odds ratio for children assigned to the experimental group having blood lead concentrations ≥ 15 µg/dL and ≥ 20 µg/dL after the intervention was 0.40 (95% CI, 0.21, 0.79) and 0.29 (95% CI, 0.01, 0.85), respectively (Table 3) .
To test whether the professional dust control trial was driving our results, we examined the effect of the intervention after removing the Rhoads trial. Consistent with the primary analysis, there was no significant difference in n -sd + n -sd
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VOLUME 110 | NUMBER 1 | January 2002 • Environmental Health Perspectives the frequency of children who had blood lead concentrations ≥ 10 µg/dL (p = 0.65). There was still a significant difference between intervention and control group children who had blood lead concentrations ≥ 15 µg/dL (p = 0.035) and ≥ 20 µg/dL (p = 0.042). Inclusion of the randomized, controlled trial by Hilts et al. (16)-the community with an active lead smelter-altered the findings slightly. Consistent with our primary analysis, there was no significant difference in the blood lead concentration (-0.30 µg/dL; 95% CI, -1.07 to 0.47) by random group assignment. There was, however, only a marginally significant reduction in the proportion of children who had a blood lead concentration of 15 µg/dL or higher (p = 0.075). The reduction in the proportion of children in the dust control groups who had a blood lead concentration ≥ 20 µg/dL remained statistically significant (p = 0.034).
Additional clinical significance of the data is obtained by pooling the included studies (12, 14, 27, 30) , and determining the RRR, ARR, and the NNT (33) . The interventions decreased the risk of developing a blood lead concentration of ≥ 15 µg/dL or ≥ 20 µg/dL by 57% and 67%, respectively. The ARR was 8% and 4% for blood lead concentrations ≥ 15 µg/dL and ≥ 20 µg/dL, respectively (Table  3) . Thirteen children need to be treated to prevent one child from developing a blood lead concentration of ≥ 15 µg/dL, and 25 children need to be treated to prevent one child from developing a blood lead concentration of ≥ 20 µg/dL ( Table 3 ).
The quality of each study included was high. All authors were blinded to the random allocation of children to the intervention and control groups, randomly assigned subjects by telephone or opaque sealed envelopes, and used the intention-to-treat principle.
Discussion
We did not find a significant decline in mean blood lead concentrations among children who received low-cost, lead hazard interventions compared with the control groups, but there was a significant reduction in the proportion of children who had blood lead concentrations > 15 µg/dL and > 20 µg/dL. The interventions produced a ≥ 50% reduction in the number of children developing blood lead concentrations > 15 µg/dL and > 20 µg/dL. This finding is consistent with previous research indicating that lead hazard controls produce a greater reduction in blood lead concentration for children who have higher blood lead concentration (11, 19) . Collectively, these studies confirm that leadcontaminated house dust is an important source of lead exposure among children, especially for urban children who have higher blood lead concentrations. Still, the overall effect of dust control was modest.
One reason for the modest effect of dust control was that the interventions did not eliminate ongoing lead contamination of house dust from exterior sources or from interior lead-based paint. For instance, there was less effective dust control in the community with an active smelter (16) . Presumably, this was caused by ongoing contamination of house dust and inhalation from lead emissions. Consistent with other trials, it is unlikely that dust control will dramatically reduce lead exposure unless the ultimate source of lead-industrial or residential-is controlled (13) (14) (15) 31) .
Lioy and others measured changes in dust lead loading three times during a 12-month intervention (34) . They found a 35% decline in dust lead loading by the third visit in the intervention homes (p = 0.011) from biweekly professional dust control, with each session consisting of about five person-hours of effort (13) . In contrast, there was no significant difference in dust lead loading by group assignment in the educational dust control trials (15, 31) . Thus, the cleaning regimen-or adherence to the cleaning regimen-in the educational trials may not have been adequate to reduce dust lead levels. Families in one trial were instructed to clean interior windowsills and floors near windows once every month and the whole house once every 3 months (31) .
Interventions involving parental cleaning as the sole dust-control intervention rely heavily on the effect of the educational intervention that is intended to motivate parents to engage in complex cleaning tasks. In one trial (15) , the educational session lasted only 
Professional dust control
Rhoads 1999 (13) Subtotal (95% CI)
Total (95% CI) Abbreviations: df, degrees of freedom; z, z-score. a The weight of the study is indicated by the thickness of the mean marker. (14, 31) an interactive and extensive educational model called facilitation was used to conduct the training session. Although families received, on average, over 6 intensive visits and were provided with cleaning supplies and equipment (14, 31) , they may not have had adequate motivation to clean their homes. The extent of home cleaning by families was estimated by monitoring the amount of cleaning supplies that needed replenishing (14, 31) . Still, adjusting for this behavior did significantly affect blood lead concentration (14, 31) .
Published, randomized, controlled trials indicate that regular visits by professional dust control teams led to greater reductions in dust lead loading and blood lead concentrations (13, 30) . One advantage of such efforts is that dust control can be initiated immediately after a child is identified with lead poisoning. Still, there are several reasons not to rely on dust controls as the primary strategy to prevent childhood lead exposure. First, the magnitude of the reduction in blood lead concentration was modest. Second, the effects may not benefit children who have lower baseline blood lead concentrations < 15 µg/dL, and there is growing evidence of substantial adverse health effects for blood lead concentration < 10 µg/dL (6) (7) (8) . Third, professional cleaning-which led to the largest reductions in blood lead concentration-is not available for most high-risk families in substandard housing. Finally, although there was evidence that dust control was efficacious in reducing children's blood lead concentrations, the adverse effects of undue lead exposure persist even after blood lead levels decline (35, 36) . Thus, from a societal perspective, it is unethical to rely on interventions that occur only after children are unduly exposed (12) .
Trials excluded from the analysis. The only randomized, controlled trial excluded from the analysis was reported by Hilts et al. (16) . We excluded the trial because it involved children living near an active smelter. The other three studies excluded from the analysis were not randomized, controlled trials (11, 19, 32) (Table 1) . Although they reported a significant decline in blood lead concentration after the intervention, the study children had baseline blood lead concentrations of ≥ 20 µg/dL (11, 19, 32) .
The retrospective analysis of paint stabilization intervention by Staes and others (19) appeared to benefit children who had blood lead concentration of ≥ 35 µg/dL, but not children who had blood lead concentrations < 35 µg/dL. Charney and others (11) removed peeling or deteriorated interior and exterior lead-based paint before conducting dust control. Blood lead concentrations were significantly reduced (p = 0.001) in children with blood lead concentrations 30-49 µg/dL, but the study was not a randomized controlled trial (11) . Although Schultz and others (32) observed a significant decline in blood lead concentration for children in their education group compared to a reference group (p < 0.001), the reference group was comprised of historical controls and families whom the investigators were unable to contact for the intervention. The secular downward trend in children's blood lead concentration makes any comparison with historical controls suspect, whereas families who could not be contacted may differ from those families that were enrolled in their study (1, 32) .
To our knowledge, there are no randomized, controlled trials examining the efficacy of lead hazard controls to reduce children's blood lead concentrations other than lowcost interventions reported in our analysis. There also were no published randomized, controlled trials that examined the effect of a multifactorial intervention (i.e., a combination of dust control, calcium supplementation, and behavioral modification) on children's blood lead concentration. Thus, until randomized controlled trials are conducted to test whether existing lead hazards controls are safe and efficacious, we will continue to rely on unproven lead hazard controls to reduce childhood lead exposure.
The major limitation was that three of the four trials in this meta-analysis were secondary prevention trials. Theoretically, reducing children's exposure to lead in early infancy or before birth would produce more dramatic effects from lead hazard controls. A second limitation is that it was often difficult to mask interviewers or technicians in this type of community-based research, although some researchers did make an attempt (14, 15, 31) . Failure to mask researchers can cause an overestimation of the effectiveness of various interventions (37) . Indeed, although blood lead concentrations were greater in nonrandomized controlled trials, we also found that there was a greater estimated effect in the nonrandomized trials (11, 19, 30) .
Low-cost, lead hazard controls produce a modest, but significant decline in the proportion of children with blood lead concentrations ≥ 15 µg/dL. It is unknown whether a multifactorial intervention will produce a greater reduction in blood lead concentration than dust control alone. We also do not know if other low-cost (< $2,500) environmental lead hazard controls (e.g., window treatments, paint stabilization, and/or creating smooth and cleanable surfaces) will produce a significant decline in children's blood lead concentrations, especially for children who have blood lead concentrations < 30 µg/dL. It is time to test the effectiveness of lead hazard controls using randomized, controlled trials to ensure that children are adequately protected against subclinical lead toxicity.
